Abstract: A constitutive model is presented in this paper to describe the isotropic compression 4 response of unsaturated, compacted clay under drained conditions over a wide range of mean 5 effective stresses. The model captures the key transition points of the compression curves at 6 different stress levels, ranging from the preconsolidation stress, to pressurized saturation, to the 7 initiation of void closure. The results from drained, isotropic compression tests on compacted clay 8 specimens having different initial degrees of saturation up to a mean total stress of 160 MPa were 9 used for model calibration. The suction hardening effect on the preconsolidation stress and the 10 nonlinear compression curve of unsaturated clay up to the point of pressurized saturation were 11 captured using an extended form of an existing effective stress-based constitutive model. For 12 higher mean stresses, an empirical relationship to consider the transition to void closure was 13 incorporated to fit the observed compression curves of the compacted clays specimens. The 14 transition to void closure was found to be affected by the initial compaction conditions despite the 15 fact that all of the specimens were pressure-saturated in this mean stress range. 16
compression line (VCL), but they usually do not consider phenomena encountered at high stresses 32 such as pressurized saturation and the transition to void closure. Further, it is difficult to extend 33 these models to high stresses using the available data in the literature, as only a few studies have 34 considered changes in the degree of saturation during drained compression under constant suction 35 conditions (Lloret et al. 2003) . 36
This study builds upon a testing approach developed by Mun and McCartney (2015) to 37 consider the important transition points in the isotropic compression response of unsaturated, 38 compacted clay to high stresses under drained conditions, including the mean apparent 39 preconsolidation stress, the stress at pressurized saturation, and the transition to void closure. All 40 of these points may depend on the initial degree of saturation and compaction conditions. Mun and 41
McCartney (2015) found that the drainage conditions play a major role in the compression 42 response of unsaturated soils to high stresses, due to the compressibility of air, interactions 43 between the air and water phases, and the lower hydraulic conductivity of unsaturated soils 44 extend established models up to high stresses for each of the key transition points. Specifically, a 48 generalized effective stress-based relationship between the mean preconsolidation (yield) stress 49 and the point of pressurized saturation developed by Zhou et al. (2012a Zhou et al. ( , 2012b ) was used to 50 represent the drained compression behavior of unsaturated soil. Their model, which uses the 51 effective saturation (Se) instead of the matric suction () as the primary variable to describe the 52 nonlinear evolution in the compression curve, is extended in this study to consider the phenomena 53 of pressurized saturation by modifying the equation for the compression index of unsaturated soil 54 after the effective saturation approaches 1.0. Further, the model of Zhou et al. (2012a Zhou et al. ( , 2012b is 55 combined with a new empirical relationship to consider the transition to void closure in the 56 compression curve at extremely high stresses beyond the point of pressurized saturation. The 57 extended model was calibrated using the results from a series of drained, isotropic compression 58 tests to a mean total stress of 160 MPa on unsaturated, clay specimens compacted to reach initial 59 degrees of saturation ranging from 0.6 to 1.0 but the same initial void ratio. The same matric 60 suction measured in the compacted specimens was imposed during drained compression using the 61 axis translation technique, and the evolution in the degree of saturation of the unsaturated 62 specimens were monitored during the tests. 63
BACKGROUND 64

Compression of Unsaturated Soils to High Stresses 65
Similar to saturated soils, unsaturated soils change in volume due in response to changes in 66 effective stress. Because unsaturated soils are a three-phase system, mechanical deformation and4 hydraulic changes of unsaturated soil take place simultaneously under external loads, with the 68 degree of saturation playing an important role in the soil behavior (Sun et al. 2010 ). To account 69 for the role of degree of saturation in volumetric response, the effective stress approach of Bishop 70 (1959) was adopted in this study. In this case, the mean effective stress pʹ in unsaturated soil can 71 be expressed as follows: 72
where pnet is the mean net stress equal to the mean total stress in excess of the pore air pressure 73 (i.e., p-ua), ψ is the matric suction (ua-uw), and χ is the effective stress parameter which is assumed 74 to be equal to the effective saturation for simplicity (χ = Se) following the approach of Bolzon and 75 Schrefler (1995 Sun et al. 2010 ). These effective-stress 157 models successfully capture the complex volume change behavior of unsaturated soils under mean 158 effective stresses less than 10 MPa, and use a smaller number of material parameters than required 159 when using the independent state variable approach. Furthermore, the effective-stress models 160 permit consideration of the role of hydraulic hysteresis (Wheeler et al. 2003 ) by incorporation of 161 the soil-water retention curve (SWRC) into the model formulation. Although the development and 162 calibration of these different volume change models were focused on reproducing key features of 163 unsaturated soils such as suction-induced hardening, collapse/swelling behavior, and the influence 164 of hydraulic hysteresis, these models haven't been used to evaluate pressurized saturation or the 165 behavior at high stresses. 166
The studies of Zhou et al. (2012a Zhou et al. ( , 2012b used the concept of bounding-surface plasticity to 167 consider the nonlinear compression curves commonly exhibited by unsaturated, compacted soils. 
EXPERIMENTAL APPROACH 175
Testing Material 176
A low plasticity clay (CL), referred to as Boulder clay, was selected as a test material for this 177 study (liquid limit of 41, plastic limit of 18, and plasticity index of 23). The specific gravity Gs 178 was measured to be 2.70. The maximum dry unit weight corresponding to the standard Proctor9 compaction effort 17.4 kN/m 3 and the optimal water content is 17.5%. The soil water retention 180 curve (SWRC) for the Boulder clay specimen used in the compression tests was inferred using the 181 which has an impact on the compression curves of these specimens at high stresses as will be 200 discussed later. 201
The experiments were performed in a high pressure isotropic loading apparatus developed by 202 Mun and McCartney (2015) , who provide a detailed description of the device, testing procedures, 203 and system calibration. The device is capable of controlling the total stress and tracking specimen 204 volume changes using a high-pressure syringe pump, and permits control of the suction in 205 unsaturated specimens using the axis translation technique with back-pressure saturation. 206
Specifically, positive pore air and water pressures are applied independently to the base of the 207 specimen through a sintered metal porous disk and a high-air entry ceramic disk, respectively. All 208 water was de-aired prior to testing. Although air will gradually diffuse into the pore water during 209 the compression tests due to their duration, this is not expected to have a major effect on the drained 210 compression response as the pore air and pore water are free to move in and out of the specimen 211 during compression and the pore air is never constrained. 212
In this study, the suctions applied to the specimens correspond to the initial suctions measured 213 in the compacted specimens using a UMS T5 tensiometer following procedures described by Mun 214 and McCartney (2015). Skempton's B parameter was measured to be greater than 0.95 for the 215 saturated specimen before drained compression was started. The initial suction values for the 216 specimens measured using the tensiometer are shown in Figure 2 . These values correspond well 217 with the drying-path SWRC. After suction application, mean total stresses were applied 218 isotropically to the specimens at a constant rate using the syringe pump up to a cell pressure of 160 219
MPa. Although this stress range may not be sufficient to reach full void closure, it is sufficient to 220 see the transition in the shape of the compression curve toward void closure. A constant volumetric 221 strain rate of 1%/hr was applied up to a stress of 10 MPa, after which the rate was reduced by a 222 factor of 10 to 0.1%/hr for the remainder of the compression test. This approach considers the fact 223 that the drainage rate decreases as the void ratio and hydraulic conductivity decrease. As will be 224 11 noted in the discussion of the results, the slower rate was still not sufficient to ensure fully drained 225 conditions at the highest mean stresses. 226
Drained Compression Curves 227
The drained compression curves for Boulder clay specimens having initial degrees of 228 saturation ranging from 1.0 to 0.6 are shown in Figure 3 showed a relatively linear unloading response with the same slope as the initial portion of the 239 compression curve. When reloading the specimen up to 160 MPa after this unloading cycle, the 240 specimens exhibited a compression curve that has a different shape than that expected from the 241 conventional bilinear compression curves that is proposed to represent the transition to void 242
closure. An asymptotic transition to void closure at high mean effective stress is more clearly 243 observed when plotting these same compression curves with the mean effective stress on a natural 244 scale, as shown in Figure 3 (b). At high stresses, the trends in the compression curves indicate that 245 the specimens with lower initial degrees of saturation (i.e., specimens compacted dryer of 246 optimum) have a slower transition to void closure, likely due to the initial soil structure associated 247 12 with compaction. During unloading after compression to 160 MPa, a nonlinear unloading curve is 248 observed that gradually approaches the slope of the curve observed when unloading from 30 MPa. 249
As will be discussed later, this nonlinearity is likely observed because unloading was too fast for 250 the specimen to draw water back into the smallest pores due to the reduction in hydraulic 251 conductivity at extremely high stresses. 252
During drained compression of a saturated soil specimen in general, it is expected that the 253 change of the volume of voids ∆Vv will be equal to the change in the volume of water flowing out 254 of the specimen ∆Vw as all of the voids are filled with water. On the other hand, the change in the 255 volume of voids for an unsaturated soil specimen in general will likely be affected first by the 256 compression of the air voids, after which a more substantial amount of water outflow will occur 257 upon reaching the point of pressurized saturation. A plot of ∆Vv versus ∆Vw is shown in Figure  258 4(a) for the saturated and unsaturated specimens of Boulder clay. For most of the stress range, a 259 1:1 relationship between the two variables is observed for the saturated specimen. As expected, 260 the results for unsaturated specimens show a significant change in the volume of voids at the 261 beginning of stress application with negligible water outflow. However, the trend in the curves for 262 the unsaturated specimens approach a 1:1 slope after the points of pressurized saturation. At high 263 mean stresses both the saturated and unsaturated specimens deviate upwards from the 1:1 line, 264 which may be due to the lack of full drainage during compression. During subsequent unloading, 265 all of the curves show a steep decrease in the volume of voids combined with additional water 266 outflow instead of water absorption. This unloading behavior further indicates that the excess pore 267 water pressures from application of the highest stresses were not completely dissipated. 268
There are several implications of this loading rate on the shape of the compression curves. 269
First, it is likely that the final void ratio at the highest mean effective stress will be overestimated 270 13 as complete drainage did not occur. Preliminary tests found that the final void ratio for the saturated 271 specimen following the two-rate testing approach followed in this study was 30% lower than that 272 from a test performed at a volumetric strain rate of 1%/hour for the entire range of stresses. 273
Although this percent difference is relatively high, the difference in the magnitude of the final void 274 ratio is relatively small, on the order of 0.03. Second, the nonlinear shapes of the curves when 275 unloading from 160 MPa observed in Figure 3 (a) are likely due to the combination of the facts that 276 the specimens were not able to fully reabsorb water and because excess pore water pressure from 277 the preceding compression phase had not fully dissipated. Although the rate of 0.1%/hour for the 278 higher stresses was selected for practical considerations, the optimal rate for a constant rate of 279 strain testing could be defined using the enhanced CS2 model proposed by Fox and Pu (2012) , 280 which considers changes in hydraulic conductivity with void ratio. 281
The curves in Figure 4 
where is the elastic compressibility index, p′0 is the initial mean effective stress at the beginning 318 of compression, and p′i and p′f are initial and final values representing an increment in mean 319 effective stress in the elastic region. A value of  equal to 0.005 was found to be representative of 320 the compression curves for Boulder clay in Figure 3 (6) where0 is the compression index describing the VCL for saturated soil (Se a1 is a fitting 328 parameter that defines the variation of compression index with the effective saturation, and d is 329 the compression index for the soil under residual saturation conditions. 330
During drained compression of unsaturated soils, the value of Se will increase because the 331 change in the volume of voids is typically greater than the water expelled from the voids (i.e., the 332 air-filled voids are compressed before the water-filled voids). Zhou 
where a2 is a fitting parameter that defines the variation of Se under constant suction. 341 Zhou et al. (2012a) noted that the increase in soil compressibility with increasing effective 342 saturation during compression corresponds to a debonding effect, and that the compression index 343 of an unsaturated soil compressed under a constant suction will approach the value for saturated 344 conditions. This will cause the specimen to transition from VCLs having slopes described by 345 Equation (6). Specifically, change in void ratio for mean effective stresses greater than the 346 preconsolidation stress can be quantified as follows: 347 where p′ps is the mean effective stress at the point of pressurized saturation that will be discussed 348 later, p′ is an increment in mean preconsolidation stress between p′c and p′ps, and Se is defined 349 using Equation (7). transition between different virgin compression lines whose slopes are defined by Equation (6) 355 and are defined as follows: 356
where N is an intercept value at p′=1 that does not depend on the effective saturation that can be 357 found to lead to a good match between the intersection of the VCLs defined with Equation (10) 363 having slopes (Se) described by Equation (6) Using the calibrated parameters, the predicted preconsolidation stress values are compared 377 with the experimental values for specimens with different initial effective saturations in Figure  378 6(a), and a good match between the predicted and experimental values is observed. In addition, 379 the predicted compression curves for the range of mean effective stresses in Equation (9) 2012a) is that they mentioned that the 381 compression line for an unsaturated soil will gradually approach that of the saturated soil, but will 382 never completely intersect. However, the experimental data in Figure 3 (a) confirms that the curves 383 for saturated and unsaturated specimens will converge at the point of pressurized saturation. To 384 investigate the model of Zhou et al. (2012a) at high stresses, the predicted compression curves in 385 Figure 6 (b) were used to calculate the changes in effective saturation using Equation (7). These 386 predictions were then compared with the measured changes in effective saturation to define the 387 value of a2. Although the point of pressurized saturation (i.e., Se = 1) may be estimated using 388 Equations (7) and (9) by finding the change in void ratio required to reach a change in Se that 389 would lead to saturation, a limitation of the model of Zhou et al. (2012a) is that it does not provide 390 a continuous expression for the compression process up to and beyond the point of pressurized 391 saturation. Specifically, for lower values of a2, the predicted effective saturation will exceed 1.0. 392
On the other hand, the predicted value of Se will never converge to 1.0 for the case of higher values 393 of a2. Furthermore, the predicted values suddenly drop after reaching a maximum value due to the 394 form of Equation (7). The effect of the fitting parameter a2 on the changes in effective saturation 395 during compression is shown in Figure 7(a) . Accordingly, the predicted Se should be fixed to 1.0 396 after reaching the point of pressurized saturation which can be considered by adding the following 397 condition to Equation (7) Boulder clay specimens except for the driest specimen (i.e., Se,0 of 0.47), although the difference 403 for this specimen is not significant. Equation (7) can also be combined with Equation (9) 
High Stresses Model Formulation and Calibration 410
As explained above, the compression curves for unsaturated soils are expected converge with 411 the saturated compression curve after reaching the point of pressurized saturation. Inspection of 412 the compression curves in Figure 3(a) indicates that after reaching the respective value of p'ps for 413 20 each specimen, the compression curves for all of the specimens (regardless of the initial effective 414 saturation) will have a slope 0 with increasing mean effective stress between p'ps and a given mean 415 effective stress that can be referred to as the mean effective stress at void closure initiation, p'vci. 416 Accordingly, the compression curve for all soils in this stress range can be expressed as follows: 417
where 0 is the slope of the VCL for saturated soil, and the value of p'ps can be defined using curves 418 such as those in Figure 7 (c) for a specimen with a given Se,0. The value of p'vci is assumed to depend 419 on the initial soil structure. Although the all of the unsaturated specimens of Boulder clay are 420 pressure saturated in the region described by Equation (12), their behavior deviates from the 421 conventional bilinear shape of the compresison curve described by Equation (12) at different 422 values of p'vci. Based on the compression curves in Figure 3(a) , it was observed that the value of 423 p'vci is related with the effective saturation at compaction Se,compaction, as follows: 424
where  is fitting parameter considering the initial compaction conditions and p'vci(1.0) is an 425 intercept value for the power law relationship. The value of Se,compaction is used in Equation (13) 426 instead of Se,0 because the saturated soil specimen was compacted at a lower effective saturation, 427 then wetted to reach Se,0=1.0 before commencing the drained compression test. The relationship 428 between p'vci and Se,compaction for Boulder clay is shown in Figure 8(a) . A value of  for Boulder 429 clay was found to be equal to 1.24 and p'vci for saturated soil (p'vci (1.0)) was found to be 7000kPa. 430
For mean effective stresses greater than p'vci, the compression curves of the specimens follow 431 a shape similar to an exponential decay function that reflects the transition to void closure. Similar 432 to the value of p'vci, the shape of this curve is also assumed to depend on the initial soil structure 433 21 of the specimen induced by compaction. Although one would expect that soils that have the same 434 initial soil structure would all follow the compression curve for saturated specimens, this behavior 435
was not noted in the data for compacted Boulder clay in Figure 3(a) . Instead, the compression 436 curves clearly indicate that the specimens compacted drier of optimum (lower initial Se,compaction) 437
show a lower rate of volume change at high mean effective stresses. Based on this observation, it 438 is hypothesized that the compression behavior of soil to high stresses depends more on the initial 439 soil structure than on the impact of matric suction on the effective stress state. Accordingly, an 440 exponential decay function is used to represent the shape of the compression curve at high stresses: 441
where evci is the void ratio at the point of void closure initiation (VCI) for a specimen with a given 442 Se,compaction that can be calculated by subtracting the changes in void ratio from Equations (3), (9) 443 and (12) from the initial void ratio e0, and  is a soil structure function that depends on the 444 compaction conditions. The value of  is assumed to be a function of the effective saturation at 445 compaction, as follows: 446
where A and B are fitting parameters. In order to fit the compression curves for Boulder clay, these 447 fitting parameters were found to be 10 -5 and -0.12, respectively. Trends in the soil structure 448 function calculated using Equation (15) It is hypothesized that if a soil specimen is compacted at a given value of Se,compaction then the 451 effective saturation is changed to a different value, the structure parameter described by Equation 452
(15) would still correspond to the value at compaction and thus empirically reflect the initial soil 453 22 structure. This should ideally be the case when comparing the compression curves for the 454 specimens with Se,0 of 1.00 and 0.89, as they have similar values of Se,compaction (0.890 and 0.887, 455 respectively). However, these small differences in Se,compaction between the two specimens were 456 observed to have an effect on the shape of the compression curves at high stresses. Although the 457 value of p′vci was found to be similar for both soil specimens, the slight differences in initial 458 conditions led to slightly different compression curves at high stresses. Another potential 459 uncertainty is that the compression behavior of the drier soil specimens under high stresses may 460 not be fully representative of drained conditions due to the different decreases in hydraulic 461 conductivity of soil specimens during compression (i.e., potentially different rate effects for the 462 different unsaturated specimens). 463
One important feature of Equation (14) is that the void ratio at extremely high stresses will 464 tend toward a value of zero at the point of void closure. However, the results in this study only 465 extend to 160 MPa, so it cannot be confirmed whether soils will converge to a non-zero void ratio 466 at extremely high stresses or if full void closure (e=0) is possible. 467
EVALUATION OF MODELED COMPRESSION CURVES 468
A summary of the parameters of the model defined to fit the drained compression curves of 469 the compacted specimens of Boulder clay over a wide range of mean effective stress shown in 470 Figure 3 (a) is given in Table 2 . The actual initial conditions (e.g., Se,0, e0, pʹ0) from the experiments 471 shown in Table 1 were used as model inputs. A total of 11 parameters are required for the model 472 to capture the nonlinear compression behavior of unsaturated soil over a wide range of mean 473 effective stress, including the new phenomena that haven't been considered in previous models 474 such as the point of pressurized saturation, the transition to void closure, and the effect of soil 475 structure induced by different initial compaction conditions on the shape of the compression curve 476
• A suction hardening effect on the mean effective preconsolidation stress is observed in the 500 drained compression curves of unsaturated, compacted soils interpreted in terms of mean 501 effective stress. 502
• The slopes of the compression curves for unsaturated soils are greater than that of a saturated 503 soil so that the compression curves of unsaturated soils will converge with that of saturated 504 soil at the points of pressurized saturation that depend on the initial effective saturation. This 505 is represented indirectly through the model of Zhou et al. (2015a) using a compression index 506 that considers changes in effective saturation during compression. 507
• The point of pressurized saturation was observed to occur at higher stresses for specimens with 508 an initially lower effective saturation. This point was predicted well using the model of p'vci (kPa) 7,000 7,500 9,000 13,000 18,000 *Compacted at w0 = 17.3% then saturated to 18.9% using upward flow under vacuum 626 **p'ps is the mean effective stress at the point of pressurized saturation observed in each test 627 
